This study demonstrated that epithelial cell lines secrete interleukin-6 (IL-6) in response to stimulation with gram-negative bacteria. Human epithelial cell lines of urinary tract origin (A-498 and J82) and of intestinal origin (HT-29 and Caco-2) were analyzed for the secretion of IL-6 by using the B9 bioassay. The supernatants from cells maintained with culture medium were used to assess the constitutive production of IL-6. The supernatants from cells exposed to Escherichia coli strains, lipopolysaccharide, lipid A, and isolated fimbriae were used to quantitate the IL-6 response to these stimulants. The urinary tract epithelial cell lines were found to constitutively secrete IL-6. The IL-6 activity in the supernatants of the bladder cell line (J82) increased above constitutive levels after 2 h of stimulation by most of the bacterial strains tested. The IL-6 activity in the supernatants of the kidney line (A-498) accumulated at a constant rate over the 24-h assay period. The role of bacterial adherence for the induction of IL-6 production was investigated by comparing the responses to recombinant E. coli strains expressing different fimbriae. In addition, isolated P and S fimbriae wth and without the receptor binding domain were also used as stimulants. The IL-6 activity in the supernatants of the bladder cell line increased after exposure to bacteria and bacterial products regardless of their adhesive properties. In contrast, the kidney cell line was stimulated to secrete significantly more IL-6 by adhering bacteria and by adhesin-positive P fimbriae than by nonadhering bacteria or adhesin-negative P fimbriae. The S-fimbrial preparations had no specific effects on the IL-6 activity of the cell supernatants. These results are consistent with our hypothesis that epithelial cells can be a major source of IL-6 when stimulated by bacteria and that the adhesive properties of the bacteria can influence this response.
Interleukin-6 (IL-6) activates hepatocytes to secrete acute-phase reactants (7) , stimulates mucosal B lymphocytes (2), and acts as an endogenous pyrogen (14) . Deliberate instillation of Eschenchia coli bacteria into the human bladder activated an IL-6 response which could be measured in urine a few hours later (10) . The IL-6 levels also increased in urine and serum samples during episodes of natural urinary tract infection (13) . A similar pattern of IL-6 secretion was observed during experimental infection in mice, where urinary IL-6 levels increased within minutes after intravesical E. coli challenge (6, 12) . On the basis of this pattern of IL-6 secretion and its spectrum of biological activities, we proposed IL-6 as a likely messenger from local sites of infection or injury (such as mucosal surfaces) to systemic compartments which respond to these events.
The inflammatory response in the urinary tract depends on the properties of the infecting E. coli strain. The pyelonephritogenic E. coli clones, which are characterized by the expression of P fimbriae (17) , cause higher levels of cytokine-mediated reactions such as fever and the production of C-reactive protein than other E. coli clones do (5) . The P fimbriae are not only markers of the inflammatogenicity of these clones but are directly involved in the induction of the response. Isolated P fimbriae elicited a urinary IL-6 response in mice provided that the P fimbriae retained the receptorbinding adhesin (20) .
The rapid kinetics of the urinary IL-6 response, and the ability of mucosally administered bacteria and bacterial products to induce such a response, suggested that the mucosal lining was the first site of IL-6 prodi, tion. Preliminary studies from our group have suggested ,hat epithelial * Corresponding author. cells of urinary tract origin can be activated by bacteria to produce IL-6 (11) . The aim of the present study was to determine whether epithelial cell lines in culture produce IL-6 in response to bacterial challenge and to analyze the influence of bacterial adhesins on IL-6 secretion by epithelial cells.
MATERIALS AND METHODS
Cell lines. The cell lines A-498 (ATCC HTB44), J82 (ATCC HTB1), HT-29 (ATCC HTB38), and Caco-2 (ATCC HTB37) were grown in RPMI 1640 (Flow Laboratories, Irvine, United Kingdom), supplemented with 0.05 mg of gentamicin per ml, 2 mM glutamine, and 5% fetal calf serum. For each experiment, the cell lines were taken from liquid nitrogen and cultured in 50-ml cell culture flasks (Nunc, Roskilde, Denmark) until confluent. The cells were trypsin treated (0.25%; Sigma Chemical Co., St. Louis, Mo.) for 10 min at room temperature. The trypsin was removed by centrifugation at 500 x g for 10 min. The supernatant was discarded, and the cells were resuspended and diluted to 5 x 104/ml in media. The cell suspension was added to 96-well microtiter plates (0.1 ml per well; Nunc) and allowed to grow to confluency before use (1 to 2 days). Immediately before cell stimulation, the medium in each well was aspirated and replaced by 0.1 ml of fresh medium.
Induction of IL-6 secretion. (6, 12) . This lac mutant of the wild-type strain E. coli GR12 (27) (9) , was the S-fimbrial prototype strain from which the sfa sequences were cloned (23) . Staphylococcus saprophyticus 998 was previously isolated from a patient with a urinary tract infection.
The transformants in E. coli 83972 had previously been constructed for colonization of the human urinary tract (10) . (26) with slight modifications. Briefly, confluent cells (5 days of culture) were scraped from the culture flask with a rubber policeman and resuspended in PBS. The cells were washed free of culture medium by three cycles of centrifugation and resuspension in PBS. After the third washing, the cell concentration was adjusted to 106/ml. A 0.1-ml volume of the cell suspension was mixed with 0.1 ml of the bacteria (107/ml), and the final volume was adjusted to 1 ml with PBS. The mixture was incubated for 1 h at 37°C with end-over-end rotation. Unattached bacteria were eliminated by repeated washing in PBS. IL-6 assay. The cell line B13.29 which is dependent on IL-6 for its growth was described previously (18) . For IL -6 determinations, the more sensitive subclone B9 was used (1, 14) . The B9 cells were harvested from the tissue culture flasks, and 5,000 cells per well were seeded into microtiter plates (Nunc) containing dilutions of sample or recombinant human IL-6 (as a standard) (4) and Iscoves modified Dulbecco's medium (Flow Laboratories), supplemented with 50 ,iM 2-mercaptoethanol, 5% fetal calf serum, and gentamicin (0.1 mg/ml), in a total volume of 0.2 ml. [3H]thymidine was added between 68 and 72 h of culture, and the incorporated radioactivity was measured and compared with a standard curve. The standard curve was prepared by using stock recombinant human IL-6 (8,000 U/ml; 1 U = concentration of IL-6 required for half-maximal thymidine incorporation). The activities of each sample are given in units per milliliter as compared with the standard curve. The assay specificity for IL-6 was tested on random samples by inhibition by using anti-IL-6 monoclonal antibody 6B4 (immunoglobulin Gl) (kindly provided by J. Van Snick) (28) . Supernatants from the 6B4 cell line abolished the IL-6-dependent growth of the B9 cells in response to the recombinant standard and to the samples.
The IL-6 in the epithelial cell supernatants induced by the stimulant was calculated as follows: (IL-6 in the sample from the stimulated cells) -(IL-6 activity from the unstimulated control cells from the same time point) -(B9 cell proliferation induced by the stimulant).
Statistics. The Mann-Whitney U test and the Wilcoxon rank sum test were used where appropriate. Differences were considered significant for P values of less than 0.05.
RESULTS
Epithelial cell lines of urinary tract origin secrete IL-6. The epithelial cell lines were grown to confluency in 96-well plates. At time zero, the culture medium was removed and replaced with new medium or medium and stimulant. The cells were incubated for 24 h, with samples taken at 0, 2, 6, and 24 h. The IL-6 activity in the supernatants of cells maintained with culture medium was used as a measure of the constitutive production of IL-6 by these cells. Under these conditions, IL-6 activity was detected in the supernatants of the A-498 and J82 but not the Caco-2 and HT-29 cell lines (Fig. 1) . The IL-6 activity of the J82 cell line reached a maximal level by 6 h, with a mean value of 644 U/ml (mean of nine experiments). The IL-6 activity of the A-498 cells reached a maximal level after 24 h, with a mean of 254 U/ml (mean of six experiments). The IL-6 activity in the supematants of the J82 cell line was significantly higher than that of the A-498 cells at all time points.
Bacteria stimulate epithelial cell IL-6 secretion above the constitutive levels. The ability of E. coli bacteria to stimulate epithelial cell IL-6 production was first tested with E. coli Hu734. This strain was known to stimulate IL-6 secretion in mice (6, 12) . E. coli Hu734 was formalin killed, and 10 RI of the bacterial suspension was added to the cells (final concentration, 108/ml). The stimulus was maintained for 24 h with samples taken at 0, 2, 6, and 24 h. The IL-6 activity in the supernatants of the cells exposed to bacteria was subsequently compared with the constitutive IL-6 activity from the same experiments and sample times. After exposure to E. coli Hu734, the IL-6 activity in the supernatants from the A-498 and J82 cells increased (Fig. 2) . At 2 h, the IL-6 levels of the J82 cells were significantly higher than the constitutive levels in five of six separate experiments (P < 0 05, Wilcoxon rank sum test). The IL-6 activity in the supernatants from the A-498 cells was significantly higher than the constitutive levels in the 24-h sample (P < 0.05, MannWhitney U test). The HT-29 and Caco-2 cell lines were not stimulated by E. coli Hu734 to secrete IL-6.
Bacterial adhesion and IL-6 secretion. The influence of bacterial adhesion on the stimulation of IL-6 secretion was analyzed. Wild-type bacteria and recombinant E. coli strains (which differed in adhesin expression) were used to stimulate the epithelial cell lines under conditions analogous to those used for E. coli Hu734. The ability of these bacteria to adhere to the J82 and A-498 cell lines is shown in Table 1 . E. coli C1212, Hu734, and Hu1053 attached equally well to both the kidney and bladder epithelial cells. The IL-6 levels were calculated as the difference between the IL-6 from the sample and the constitutive IL-6 from the same day and time and from the effect of the stimulant on the B9 cells. Table 1 shows the IL-6 activity at the time of maximum difference. The IL-6 response of the J82 bladder cell line to bacterial stimulation appeared to be independent of bacterial adhesion. The highest IL-6 levels (>200 U/ml, above the constitutive levels) were detected after stimulation with the S-fimbriated strain E. coli 536, the P-and type 1-fimbriated strain E. coli Hu734, the type 1-fimbriated strain E. coli Hu1053, and the gram-positive strain S. saprophyticus 998. E. coli Hu1061, Hu1193, and C1212 induced low IL-6 activity (<100 U/ml). In contrast, the highest IL-6 levels from the A-498 cell line were detected after stimulation with the strains expressing either both P and type 1 fimbriae or solely type 1 fimbriae (E. coli Hu734, C1212, and Hu1053). Lower levels of IL-6 were detected after exposure to the S-fimbriated or adhesin-negative E. coli strains and the S. saprophyticus isolate. The results are compiled for the adhering versus nonadhering strains by using the IL-6 data after subtraction of the constitutive and control IL-6 levels (Fig. 3) . The adhering strains stimulated significantly higher IL-6 levels at 24 h in the A-498 cells than in the nonadhering strains. No such difference was observed for the J82 cells. The intestinal cell lines Caco-2 and HT-29 did not secrete IL-6 in response to any of the bacteria tested. They were considered to be nonresponders and were omitted from further experiments.
Stimulation of IL-6 secretion by bacterial components. LPS is known to activate IL-6 production by nonepithelial cells (6) . We first analyzed whether LPS contamination of the tissue culture medium might be a stimulant for the constitutive IL-6 production by the epithelial cells. The LPS concentration in the medium was <100 ng/ml. LPS and lipid A were subsequently added to the cells at concentrations of 0.1, 1.0, and 10.0 ,ug/ml, and the 24-h supernatants were tested for the presence of IL-6. The IL-6 levels of the A-498 cells only increased above constitutive levels after exposure to LPS or lipid A at 10.0 ,ug/ml. In contrast, the IL-6 activity in the supernatants of the J82 cells increased above the constitutive levels in a dose-dependent fashion, with 10.0 ,ug/ml giving the highest response. The responses to LPS stimulation are shown in Fig. 4 . In all experiments, lipid A induced IL-6 levels and secretion kinetics similar to those induced after LPS stimulation (data not presented). The levels of IL-6 produced by both cell lines were significantly higher in the 24-h sample than the constitutive levels were (P Isolated P fimbriae have previously been shown to stimulate IL-6 secretion in mice (20) . Since the E. coli strains used here either expressed several fimbrial types or overexpressed fimbriae of a single receptor specificity, the question of whether P fimbriae could trigger a parallel IL-6 response in the human cell lines could not be directly examined by using whole bacteria as the stimulant. Therefore, the ability of fimbriae to trigger epithelial IL-6 production was further analyzed, by using isolated P and S fimbriae either with (adh+) or without (adh-) the receptor binding domain. The IL-6 activity in the J82 cell supernatants was not significantly increased compared to constitutive levels by any fimbrial preparation (Fig. 5) . In contrast, stimulation of the A-498 cell line with adhesin-positive P fimbriae resulted in significantly higher IL-6 activity after 24 h of stimulation (P c 0.01) (Fig.  5) . Neither the adhesin-negative P fimbriae nor the S-fimbrial preparations had such an effect.
DISCUSSION
In this study, epithelial cell lines were shown to produce IL-6 during in vitro culture. IL-6 was secreted constitutively by epithelial cell lines from the urinary tract (J82 and A-498).
These cell lines also increased their IL-6 secretion above constitutive levels in response either to whole, killed bacteria or to bacterial components. This confirmed our preliminary observation that epithelial cells can participate in the cytokine network (11) and parallels a growing body of evidence that the epithelial cell does not merely provide a mechanical barrier to infection but is an essential part of the cellular immune response. These results are consistent with our hypothesis that urinary tract epithelial cells may be a major source of the IL-6 produced in response to mucosal bacterial infection and that bacterial adherence may influence this response, especially in the kidney. Symbols: *, A-498 exposed to adhering strains; El, A-498 exposed to nonadhering strains; 0, J82 exposed to adhering strains; 0, J82 exposed to nonadhering strains.
Previous observations of patients with urinary tract infections, and of experimentally infected mice (6, 10, 12) , suggested that mucosal surfaces are a major source of IL-6. The urinary IL-6 activity in both humans and mice increased from undetectable levels before infection to levels in the range of 20 to 500 U/ml during infection. The elevation of urinary IL-6 levels was not always accompanied by a serum IL-6 response. This dissociation between local and systemic IL-6 levels gave rise to the concept that IL-6 was locally secreted but did not demonstrate which cell type was secreting the IL-6. We considered it likely that epithelial cells .J 2UU produced the IL-6, since they dominate the surface of the mucosa and since local IL-6 secretion preceded the influx of granulocytes and monocytes to the site of infection. The results presented here support this contention. The relevance of the transformed epithelial cell lines as a model for mucosal IL-6 production may be questioned. The use of cell lines for studies of human urinary tract infections was inevitable since, for ethical reasons, biopsy specimens from acutely infected urinary mucosa could not be made available for study. Because of the nature of transformed cells, the results need to be confirmed in normal epithelial cells.
The urinary tract epithelial cell lines constitutively produced IL-6. At this point, it is not clear whether this production was due to the transformed nature of the cells or to stimulants present in the medium. The LPS content of the medium was below the threshold for stimulation of the A-498 cells but in the range which marginally stimulated the J82 cells. The LPS concentration was not sufficient to trigger IL-6 levels comparable to the constitutive production. Although IL-6 has been detected in transformed epithelial cell lines (8) , transformation per se was not solely responsible for the response seen here. Under the assay conditions used here, neither the HT-29 nor the Caco-2 cell line produced IL-6. However, the Caco-2 cells have been reported to secrete IL-6 under different experimental conditions (22a). The IL-6 production by the intestinal epithelial cells may depend on the subclone used.
The kinetics of the constitutive IL-6 production differed between the cell lines. The IL-6 production increased more rapidly after a medium change in the J82 cells than it did in the A-498 cells. This pattern was also observed after microbial stimulation. These results have been confirmed by immunostaining of the epithelial cells with monoclonal anti-IL-6 antibodies. The fraction of J82 cells staining for increased at 2 h, while the peak staining for the A-498 cells The ability to stimulate IL-6 production differed between the bacterial strains used. E. coli Hu734 and the other adhering E. coli strains enhanced IL-6 production by the kidney cell line A-498 significantly more than the other bacteria did. The levels of IL-6 correlated with the degree of adherence rather than with the receptor specificity of the fimbrial type expressed by a strain. The three strains which triggered the highest IL-6 levels in the A-498 supernatants all expressed type 1 fimbriae, and two of them also expressed P fimbriae. The enhanced IL-6 response to attaching bacteria may reflect the approximation of stimulatory bacterial components to the cell surface rather than an activation via adherence per se. This question was addressed by exposing the epithelial cells to fimbrial preparations with or without the receptor binding domain. The P fimbriae were shown to activate the cells. These results are consistent with previous observations in the mouse, where P-fimbrial preparations elicited a urinary IL-6 response (20) . The dependence on the adhesin in this reaction suggested that the binding to the globoseries of glycolipids can activate the receptor-bearing cell to secrete IL-6. The inability of S fimbriae to stimulate IL-6 secretion in this and earlier studies does not reflect a general defect in their ability to trigger cellular responses. S fimbriae cause the release of mediators like leukotriene B4 from human polymorphonuclear leukocytes (22) . We have speculated that the difference between P and S fimbriae is due to the molecular nature of the receptors. Type 1 and S fimbriae bind to secreted glycoproteins (24, 25) . In contrast, the globoseries of glycolipids are integral membrane components. It is possible that such membrane association is required for the induction of IL-6 secretion.
LPS has not previously been shown to induce epithelial cell IL-6 production. LPS, however, is known to trigger cytokine production, including tumor necrosis factor, IL-1, and granulocyte-macrophage colony-stimulating factor, in other cell types such as monocytes and endothelial cells (3, 16, 21) . The epithelial cell cytokine response to LPS was different from those of other cell types in that no tumor necrosis factor production was observed (25a). This may indicate that epithelial cells have a more restricted cytokine response window than other cell types involved in cellular immune responses. It should also be emphasized that the adh+ P fimbriae contained small but detectable amounts of LPS (0.7%) (20) . P fimbriae and lipid A have previously been shown to interact synergistically to induce mucosal polymorphonuclear leukocyte influx in mice (19) . Thus, the direct stimulatory effect of the P-fimbrial adhesin could be claimed to be secondary to, or synergistic with, the effect of LPS for IL-6 production. However, the amount of LPS present in the adh+ P-fimbrial preparation was not stimulatory for the A-498 cells. Furthermore, evidence for LPS-independent P-fimbrial IL-6 activation (via the adhesin) was obtained in LPS-nonresponding mice which are refractoxy to the effects of LPS (20) . However, in the in vivo situation, it is likely that IL-6 production is a combined effect of the fimbriae and LPS.
The finding that epithelial cells participate in the network of cytokine responses provides a new aspect to mucosal immunity (11) . It 
